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Abstract The achievement of our previously proposed space–time coding algorithm entitled full-rate
linear-receiver space–time block code (FRLR STBC) has motivated us to propose, in this paper, a new
class of high-rate space–time–frequency block codes (STFBCs) over frequency-selective Rayleigh fading
channels. We have called these codes FRLR STFBCs with interleaving (FRLR STFBCs-I). FRLR STFBCs-I
could achieve a full-diversity property over quasi-static channels. Simulation results also verify that the
proposed schemes exhibit proper performances in comparison with the recently proposed STFBCs. The
most outstanding characteristic of the newly introduced high-rate codes is the linear complexity of the
maximum likelihood (ML) receiver which makes possible a fast and economical decoding process.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Wireless communications play an undeniably vital role
in today’s rapidly growing global communication systems.
Cellular telephone systems, wireless local area networks,
and broadband wireless access are among some of the vast
emerging applications of wireless communications.
One of the most challenging problems in wireless com-
munication systems is the fading effect of the channel. Es-
sentially, with respect to multipath time delay, we could
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doi:10.1016/j.scient.2013.02.026consider two types of channels, namely flat fading (or frequency
non-selective) and frequency-selective. In the time domain, the
frequency-selective characteristic of the channel leads to inter-
symbol interference (ISI).
It is shown that diversity is an option that could effectively
resist the fading effect of the channel [1–5]. The principal idea
of diversity is sending different replicas of the transmitted
signal through independent paths. Thus, the more the numbers
of independent paths are, the more the diversity advantage
becomes.
Space–time coding is one of the most effective diversity
methods which exploits spatial diversity. In its early days,
space–time codes were just designed with flat fading chan-
nels in mind [6–9], but they are also now finding applications
in frequency-selective channels [10]. However, in frequency-
selective cases, one needs to use an equalizer at the receiver
end, which inevitably leads to a higher complexity at the re-
ceiver. On the other hand,we could not use the additional diver-
sity source resulting from the frequency-selective property of
the channel. Therefore, it is preferable not to use the space–time
coding technique for the frequency-selective channels. In other
words, given receiver complexity and diversity advantage
evier B.V. Open access under CC BY-NC-ND license.
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challenges, space–time codes are best suited tonarrowband and
not wideband communications.
Orthogonal frequency-division multiplexing (OFDM) is re-
garded as a very effective means to translate frequency-
selective channels into smaller flat fading sub-channels [11,12].
This statement is logical since the number of frequency tones
(or subcarriers) in typical OFDM systems is adequately large
and also channel frequency response does not change rapidly.
Considering the fast Fourier transform (FFT) and inverse FFT
(IFFT), OFDM implementation adds less complexity to the re-
ceiver compared to equalization techniques.
In frequency-selective channels, combining multiple-input
multiple-output (MIMO) and OFDM called MIMO–OFDM, en-
ables us to take advantage of both MIMO and OFDM methods
simultaneously. This, in fact, has led MIMO–OFDM to demon-
strate its tremendous potential for utilization in the next gener-
ation of broadbandwireless communications. Space–frequency
coding and space–time–frequency (STF) coding are two types
of the best schemes proposed for implementing MIMO–OFDM
systems.
By coding over multiple antennas and frequency tones,
space-frequency block codes (SFBCs) use existing spatial and
frequency diversities in frequency-selective channels. Design
criteria for SFBCs are extracted in [13–15]. It is shown that for a
frequency-selective channel with L delay paths, the maximum
diversity advantage is equal to NtNrL, where Nt and Nr are
number of transmit and receive antennas respectively. The
first space-frequency code was proposed in [10] in which
space–time trellis codes were used over OFDM subcarriers.
As time went on, numerous other SFBCs were developed, e.g.
[16–21].
In space–time–frequency codes, a time dimension is added
to space and frequency dimensions (see Figure 1). This approach
could be advantageous for either reducing the complexity of re-
ceivers or creating additional diversity sources. Reducing the
complexity of receivers is possible as long as theMIMO channel
does not change over successive OFDMblocks (quasi-static (QS)
channels). In this case, in fact, we could not use the temporal
diversity of the channel any longer and the maximum diversity
advantage is the same as that of space-frequency coding [22].
In [23–25], it is shown that decoding with reduced complex-
ity can be achieved over QS channels. On the other hand, as
proved in [22], when the channel changes over multiple OFDM
blocks, one could obtain a maximum diversity advantage equal
to NtNrL× rank(RΩ), where RΩ is the channel temporal corre-
lation matrix.
Design criteria for space–time–frequency block codes (STF-
BCs) are derived in [22,24,26]. In [24], in order to facilitate STFBCdesign, OFDM subcarriers are divided into smaller groups and
then STFBC is developed for each group. It is shown that this
sub-channel grouping does not sacrifice the diversity advan-
tage. In [27], a STFBC, which is robust against time- and/or
frequency-selective fading channels, is introduced. In [28], in
order to attain maximum diversity advantage, the authors have
combined a hopping multiband OFDM and STFBCs. Analyti-
cal means for STFBCs, namely a sphere packing lower bound
and pairwise error upper bound, are obtained in [29]. By us-
ing quasi-orthogonal space–time codes, which were devel-
oped in [30] and their modified versions [31–35], new SFBCs
and STFBCs have been constructed called quasi-orthogonal
space-frequency block codes (QOSFBCs) and quasi-orthogonal
space–time–frequency block codes (QOSTFBCs) [25]. It is
proved that both these structures achieve a maximum attain-
able diversity advantage. In [36,37], systematic designs for STF-
BCs are presented so that they achieve the maximum diversity
advantage of NtNrL× rank(RΩ). In [38], a systematic method is
proposed to design full-diversity SFBCs for any arbitrary num-
ber of transmit antennas. Although our proposed SFBCs in [38]
outperform those of [37] they still suffer from high computa-
tional complexity at the receiver.
In a previous work [9], we introduced a full-diversity
full-rate space–time block code (STBC) where the complex-
ity of its optimum receiver is linear. For convenience, we
called this code a full-rate linear-receiver (FRLR) STBC. From
the simulation results, it was seen that the FRLR STBC per-
formed quite satisfactorily for BPSK and 4-QAM constella-
tions. Motivated by these results, in this paper, we aim
to unveil a space–time–frequency coding algorithm, namely
FRLR STFBCs with interleaving (FRLR STFBCs-I). Simulation
results show that the performance of the proposed codes is rea-
sonably acceptable with significant reduction in receiver com-
plexity.More precisely, the complexity of the optimum receiver
of our proposed STFBCs is linear over QS channels.
This is how the rest of the paper is organized: in Section 2,
we outline the system model of MIMO–OFDM techniques.
Following this section, we unfold details of the newly proposed
STFBCs. In Section 4, we elaborate on some properties of the
proposed schemes. Section 5holds simulation results. In the last
section, the conclusion of the paper is presented.
Notations: We use capital boldface letters for matrices, and
boldface letters for column vectors. Superscripts (·)T , (·)Ď, and
(·)∗ indicate transpose, conjugate transpose (Hermitian), and
complex conjugation respectively. E{·}, ◦, and  specify ex-
pectation, Hadamard product, and tensor product respectively.
Notation wij ∼ CN (0, σ 2) denotes that wij’s ∀ i, j are inde-
pendent identical distributed (i.i.d.) complex Gaussian random
variables with zero-mean and variance σ 2. Notation diag(a0,
a1, . . . , aN ) represents a diagonal N×N matrix whose diagonal
entries are a0, a1, . . ., and aN . 1a is a vector of size a× 1 whose
entries are all equal to one.
2. Systemmodel
Keeping Figures 2 and 3 in mind, let us model a STF-coded
MIMO–OFDM system based on the following assumptions:
• The wireless channel between each transmit antenna and
receive antenna is frequency-selective and time-flat with L
independent delay paths (delay profile).
• Overall delays are smaller than the channel delay spread.
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Figure 3: Block diagram of an OFDM block.
• Channel is QS over successive OFDM block periods. In
other words, the channel does not drastically change
during successive OFDM blocks and stays constant for two
consecutive OFDM block periods. However, it may change
over two subsequent OFDM block periods.
• We have ideal synchronization in timing and carriers as
well as ideal symbol-rate sampling at the transmitter and
matched filtering at the receiver.
• For each OFDMblock, an adequate cyclic prefix (CP) is added
which completely mitigates the effect of the ISI correspond-
ing to the channel. In other words, CP samples (guard inter-
vals) are equal to or greater than the length of the channel
impulse response.
• The transmitter does not have the channel side information
(CSI) but the receiver knows the CSI faultlessly.
Having made these assumptions, we can then write the
channel impulse response at the t-th time slot between the i-
th transmit and the j-th receive antenna as:
hti,j(τ ) =
L−1
l=0
αti,j(l)δ(τ − τl). (1)
In (1), δ(·) is the impulse function of unit strength, αti,j(l) de-
notes the complex amplitude at the t-th time slot between the i-
th transmit and the j-th receive antenna corresponding to the τl-
th delay,where

αti,j(l)
L−1
l=0 ∼ CN (0,v 2l ). To have a normalized
power for the received signals, it is assumed that
L−1
l =0 v
2
l = 1.
The channel frequency response at the k-th OFDM subcarrier
and the t-th time slot can then be obtained from the following
equation:
F

hti,j (τ )
 = H ti,j (f ) |f=k∆f
, H ti,j,k =
L−1
l=0
αti,j(l) e
−j2πk∆f τl . (2)
In (2), F {·} denotes Fourier transform, j = √−1, and∆f =
1/Γ = BW/Nc , where Γ is the OFDM block period, BW is
the total bandwidth, and Nc is number of subcarriers per OFDM
block.
Now, let us specify the STFBC X STF by amatrix of sizeΩNc×
Nt (Ω is number of time slots) as follows:
X STF = [ X T1 X T2 · · · X TΩ ]T , (3)
where Xt , for t = 1, 2, . . . ,Ω , is a matrix of size Nc × Nt that
denotes the block code which is transmitted at the t-th timeTable 1: Parameters of the FRLR STBC.
a1 a2 b1 b2
BPSK
√
0.5ejπ
√
0.5 e−0.62jπ
√
0.5 e−0.62jπ
√
0.5 ejπ
4-QAM
√
0.2 e0.1j
√
0.8 e0.3j
√
0.2 e−0.4j
√
0.8 e−0.6j
slot; Xt can be signified as below:
Xt =

xt,1,0 xt,2,0 · · · xt,Nt ,0
xt,1,1 xt,2,1 · · · xt,Nt ,1
...
...
. . .
...
xt,1,Nc−1 xt,2,Nc−1 · · · xt,Nt ,Nc−1
 , (4)
where xt,i,k denotes a data symbol which is supposed to be
transmitted over the t-th time slot (time), the i-th transmit
antenna (space), and the k-th subcarrier (frequency). For the
STFBC X STF shown in (3), we can obtain the data transmission
rate as follows: Suppose a totalΨ different symbols are needed
to construct X STF , then spectral efficiency in terms of bit(s)/s/Hz
is equal to R = ΨNcΩ × log2 M without taking CP into account,
where M is the constellation size. If we now multiply R by
the total bandwidth BW , the bit transmission rate in terms of
bit(s)/s is obtained.
In what follows, we describe a STF coded MIMO–OFDM
system. As depicted in Figure 2, first input bits are translated to
symbols using a constellation such as BPSK or 4-QAM. Next, the
resulting symbols are applied to the STF encoder and a STFBC
is constructed. Finally, based on the structure of the utilized
STFBC,Nc data symbols corresponding to each transmit antenna
are applied to OFDM blocks at each time slot. As shown in
Figure 3, first, each OFDM block performs an Nc-point IFFT to
Nc data symbols. Next, CP is inserted and the parallel data is
converted to serial data. The output signal is then applied to
a digital to analog (D/A) converter and the output is finally
routed to the antenna for the transmission. At the receiver, after
receiving the signal and then removing CP, an Nc-point FFT is
applied. Then, the received signal at the antenna j during the
t-th OFDM block at the k-th frequency tone is given by:
ytj,k =
MT
i=1
xt,i,kH ti,j,k + ηtj,k, k = 0, 1, . . . ,Nc − 1, (5)
where ηtj,k ∼ CN (0, N0) are the components of additive
Gaussian noise at the t-th time slot, the k-th frequency tone,
and the j-th receive antenna.
3. Newly proposed scheme for STFBCs
In order to depict our proposed STF coding scheme, we first
need to present two definitions:
Definition I (FRLR STBC). As we have shown in [9], the follow-
ing full-rate full-diversity 2× 2 STBC, called FRLR STBC, could
lead to a linear complexity for the maximum likelihood (ML)
receiver:
X STFRLR =

ψ1 ψ2
ψ3 ψ4

, (6)
whereψ1 = a1s1+a2s2,ψ2 = b1s3+b2s4,ψ3 = −a1 s∗3−a2s∗4 ,
andψ4 = b1 s∗1+b2s∗2; and parameters a1, a2, b1, and b2 are pre-
sented in Table 1.
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define MRPO as follows:
O = MRPO(I, µ, ν), (7)
where I ∈ Cµν ×4 and O ∈ Cµν ×4 are respectively input
and output matrices. After performing MRPO on matrix I , rows
(m− 1) ν+ 1, (m− 1) ν+ 2, . . . ,mν of I are respectively per-
mutated by rowsm,m+ µ, . . ., andm+ (ν − 1)µ of O, where
m = 1, . . . , µ. 
Inwhat follows, we explain how our newly proposed STFBCs
are constructed. For convenience, let us call the resulting codes
FRLR STFBCs with interleaving (FRLR STFBCs-I).
First of all, we generate χk of size q × 4, ∀k ∈

1, 2, . . . ,
Nc
ξSDΓ

by attaching ξSD distinct row codewords ψrow−FRLR =
ψ1 ψ2 ψ3 ψ4

of size 1 × 4, where Γ is selected from
set {1, 2, . . . , L}; ⌊·⌋ stands for floor operation; and ξSD indi-
cates separation distance between the same codewords. Then,
we produce Ck = (χk

1Γ ) ∈ CqΓ×4. Then, we permute rows
of Ck’s by the following equation:
Dk= MRPO(Ck, q,Γ ), ∀k ∈

1, 2, . . . ,

Nc
qΓ

. (8)
If ζ = Nc − qΓ

Nc
qΓ

has a non-zero value, we generate χ′ ∈
C

ζ
Γ

×4 by attaching

ζ
Γ

distinct row codewords ψrow−FRLR =
ψ1 ψ2 ψ3 ψ4

. Then, we generate C ′ = (χ′ 1Γ ) ∈
CΓ

ζ
Γ

×4 and D′= MRPO(C ′,  ζ
Γ

,Γ ). We construct C of size
Nc × 4 as below
CFRLR−STFBC−I =

D1T D2T · · · D Nc
qΓ
T D′T 0TT , (9)
where 0 is a zero matrix of size (ζ − Γ  ζ
Γ

) × 4. Subse-
quently, the two first columns of CFRLR−STFBC−I stand for our pro-
posed STFBCs which are supposed to be transmitted through
the first time slot (C1FRLR−STFBC−I ). Likewise, the last two columns
of CFRLR−STFBC−I stand for our proposed STFBCs which are trans-
mitted through the second time slot (C2FRLR−STFBC−I ). In the next
section, we discuss some properties of our STF coding scheme.
Remark. If the minimum absolute determinant (δmin) over the
subtractions of any two different codewords of a STBC remains
constant for any arbitrary constellation, the code has a non-
vanishing determinant property [7]. By using this property, let
us verify why the FRLR STBC cannot perform properly when
2D constellations with larger sizes (e.g. 8-QAM and 16-QAM)
are used. Table 2 shows the values of δ2min associated with the
FRLR STBC, the Golden STBC, and the code proposed in [8]
for three different constellations. This table demonstrates that
δ2min of the FRLR STBC over 2D constellations vanishes when
constellation size increases. Thus, it does not benefit from the
non-vanishing determinant property and subsequently, unlike
the Golden STBC and the proposed STBC in [8], its performance
comparatively degrades drastically when the constellation size
increases. Regarding the above explanations, FRLR STBC does
not perform properly when 8-QAM, 16-QAM and 64-QAM
constellations are deployed. However, the linear complexityTable 2: Values of δ2min for different 2× 2 STBCs.
FRLR Golden STBC in [8]
BPSK 4 3.2 3.2
4-QAM 0.64 3.2 3.2
8-QAM 0.2 3.2 3.2
of the FRLR STBC is still of great importance which cannot
be obtained by either the Golden STBC or the code proposed
in [8]. It is certain that in 8-QAM, 16-QAM and 64-QAM cases,
FRLR STFBCs-I do not perform properly either. So, we prefer the
2 × 2 full-rate STBC introduced in [8] to FRLR STBC in STFBCs
proposed in this paper. Since the overall form of the proposed
code in [8] is the same as FRLR STBC, we can easily state that the
same diversity and coding advantage analysis can be applied. In
this case, the complexity of the receiver is no longer linear and
is in the order ofO(M2) [8].
4. Two main properties of the FRLR STFBCs-I
In this section, we enumerate two important characteristics
of our proposed scheme. First, we discuss the receiver
complexity of the FRLR STFBCs-I and then we show that
these codes could attain maximum available diversity over QS
channels.
4.1. Linear complexity of the FRLR STFBCs-I for theML decoder over
QS channels
In what follows, we show that FRLR STFBCs-I lead to a linear
complexity for the ML receiver over QS channels. Consider
that a FRLR STFBC-I is transmitted through a MIMO–OFDM
system. According to the structure of FRLR STFBCs-I, since four
symbols are coded jointly for each row codeword ψrow−FRLR ,
four symbols are needed to be detected separately. Thus, in
general, the receiver complexity of the FRLR STFBCs-I is in the
order of O(M4). However, over QS channels, we have linear
complexity for the receiver of FRLR STFBCs-I. In other words,
when channel behavior changes in two different time slots, the
complexity is in the order of O(M4). Otherwise, if the channel
coefficients stay constant in two different time slots, FRLR
STFBCs-I benefit from linear complexity for the ML decoder as
discussed below.
Consider the same row codeword ψrow−FRLR , which is
repeated inΓ rows of CFRLR−STFBC−I . According to Eq. (5), we can
present the received signal associated with these codewords at
the first time slot and for the j-th receive antenna as below:
y1j,k0
y1j,k0+ξSD
...
y1j,k0+(Γ−1)ξSD
 =

ψ1
ψ1
...
ψ1
 ◦

H11,j,k0
H11,j,k0+ξSD
...
H11,j,k0+(Γ−1)ξSD

+

ψ2
ψ2
...
ψ2
 ◦

H12,j,k0
H12,j,k0+ξSD
...
H12,j,k0+(Γ−1)ξSD
+

η1j,k0
η1j,k0+ξSD
...
η1j,k0+(Γ−1)ξSD
 , (10)
where k0 indicates the frequency at which the first ψrow−FRLR
is inserted. Similarly, for the second time slot and for the j-th
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y2j,k0
y2j,k0+ξSD
...
y2j,k0+(Γ−1)ξSD
 =

ψ3
ψ3
...
ψ3
 ◦

H21,j,k0
H21,j,k0+ξSD
...
H21,j,k0+(Γ−1)ξSD

+

ψ4
ψ4
...
ψ4
 ◦

H22,j,k0
H22,j,k0+ξSD
...
H22,j,k0+(Γ−1)ξSD
+

η2j,k0
η2j,k0+ξSD
...
η2j,k0+(Γ−1)ξSD
 . (11)
For QS channels, we have H1i,j,k = H2i,j, k , Hi,j,k, ∀k ∈ {0, 1
, . . . ,Nc − 1}, i = 1, 2 and j = 1, 2, . . . ,Nr . By considering
symbols associated with all receive antennas, it could readily
be seen that Eqs. (10) and (11) could be rewritten as below:
Y = X STFRLRH + N . (12)
In Eq. (12),
Y = Y1, Y2, · · · , YNr  ,
H = H1, H2, · · · , HNr  ,
and
N = N1, N2, · · · , NNr  ,
where for j = 1, 2, . . . ,Nr , we have
Yj =

y1j,k0 y
1
j,k0+ξSD · · · y1j,k0+(Γ−1)ξSD
y2j,k0 y
2
j,k0+ξSD · · · y2j,k0+(Γ−1)ξSD

,
Hj =

H2,j,k0 H2,j,k0+ξSD · · · H2,j,k0+(Γ−1)ξSD
H2,j,k0 H2,j,k0+ξSD · · · H2,j,k0+(Γ−1)ξSD

,
and
Nj =

η1j,k0 η
1
j,k0+ξSD · · · η1j,k0+(Γ−1)ξSD
η2j,k0 η
2
j,k0+ξSD · · · η2j,k0+(Γ−1)ξSD

.
Eq. (12) is the same as Eq. (1) of [9].Therefore, all relations
used in [9] for the decoding processes of the FRLR STBC are also
valid here, andwe can state that the FRLR STFBCs-I benefit from
linear complexity for the ML decoder over QS channels.
4.2. Diversity advantage of the FRLR STFBCs-I
In this subsection, we elaborate on the fact that FRLR
STFBCs-I can attain a maximum diversity advantage over QS
channels. To this end, we briefly represent the necessary
information from [22].
Suppose that there is no correlation between different paths
in any delay profile and in any different pair of transmit and
receive antennas. Also suppose that the second order statistics
of the time correlation is the same for all pairs of transmit and
receive antennas and all paths. Then, the temporal correlation
matrix RΩ of sizeΩ ×Ω could be defined as below:
RΩ=

rΩ(0) rΩ(1) · · · rΩ(Ω − 1)
rΩ(−1) rΩ(0) · · · rΩ(Ω − 2)
...
...
. . .
...
rΩ(−(Ω − 1)) rΩ(−(Ω − 2)) · · · rΩ(0)
 ,
(13)where rΩ(m) = E{αti,j(l)αt+mi,j ∗(l)} is the time correlation at the
m-th lag and αti,j(l) is the complex amplitude of the l-th path
between the i-th transmit and the j-th receive antenna at the
t-th OFDM block [22]. Clearly, for QS channels, we can express
RΩ as a matrix whose components are equal. Regarding [22],
frequency correlation matrix RF is a matrix of size Nc × Nc as
follows:
RF = W3W Ď, (14)
where by defining w = e−j2π∆f , the relationships for matrices
3 of size L× L andW of size Nc × L are obtained by:
3 = diag(v 20 ,v 21 , . . . ,v 2L−1) (15)
and
W =

1 1 · · · 1
wτ0 wτ1 · · · wτL−1
...
...
. . .
...
w(Nc−1)τ0 w(Nc−1)τ1 · · · w(Nc−1)τL−1
 . (16)
Now, we define4 as below:
4 , 1 ◦ (RT ⊗ RF ). (17)
In (17), 1 = (X STF−X STF )(X STF − X STF )Ď, where X STF and X STF
are two distinct STFBC codewords. In [22], Ad = νNr and Ac =ν
i=1 λi are defined as diversity advantage andcoding advantage
respectively, where ν is the rank of 4, and λi’s for i = 1,
2, . . . , ν are non-zero eigenvalues of4.
For the sake of simplicity and without loss of generality,
we assume that the temporal correlation matrix RΩ is a ma-
trix whose components are equal to one, i.e. RΩ =

1 1
1 1

.
Clearly, for FRLR STFBC-I, the minimum rank of 4 is obtained
if two distinct STF codewords differ just on one row codeword
ψrow−FRLR. Thus, according to (17) and with simple mathemati-
cal operations, we can demonstrate that for FRLR STFBCs-I the
diversity is equal to the rank of the following matrix:
4FRLR STFBC−I , 1 ◦ (RΩ ⊗ RF ), (18)
where 1 is given in Box I;
andRF = W3W Ď, (20)
where
W =

1 1 · · · 1
wξSDτ0 wξSDτ1 · · · wξSDτL−1
...
...
. . .
...
w(Γ−1)ξSDτ0 w(Γ−1)ξSDτ1 · · · w(Γ−1)ξSDτL−1
 . (21)
It could be numerically shown that for typical constellations
such asQAMs and PSKs, theminimumcoding advantage of FRLR
STFBCs is attained if∆1 and∆4 or∆2 and∆3 are zero. Without
loss of generality, let us suppose that ∆2 and ∆3 are equal to
zero. Therefore, we have:
det
4FRLR STFBC−I = |∆1|2|∆4|2 detRF 00 RF

. (22)
Consequently,
det
4FRLR STFBC−I = (|∆1||∆4| det(RF ))2. (23)
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9)
|∆1|2 + |∆2|2 · · · |∆1|2 + |∆2|2 ∆1∆∗3 +∆2∆∗4 · · · ∆1∆∗3 +∆2∆∗4
...
. . .
...
...
. . .
...
|∆1|2 + |∆2|2 · · · |∆1|2 + |∆2|2 ∆1∆∗3 +∆2∆∗4 · · · ∆1∆∗3 +∆2∆∗4
∆∗1∆3 +∆∗2∆4 · · · ∆∗1∆3 +∆∗2∆4 |∆3|2 + |∆4|2 · · · |∆3|2 + |∆4|2
...
. . .
...
...
. . .
...
∆∗1∆3 +∆∗2∆4 · · · ∆∗1∆3 +∆∗2∆4 |∆3|2 + |∆4|2 · · · |∆3|2 + |∆4|2

(1
with∆1 = a1δ1 + a2δ2,∆2 = b1δ3 + b2δ4,∆3 = −a1 δ∗3 − a2δ∗4 , and∆4 = b1 δ∗1 + b2δ∗2 , where δi = si −si, ∀ i = 1, 2, 3, 4;
and si andsi are symbols, in turn belonging to two different codewords X STF andX STF .
Box IFigure 4: BER versus SNR for the 2-ray equal power channel model with delay
spread of 5 µs; Γ = L = 2.
Since W is a Vandermonde matrix, we can draw the conclusion
that det(RF ) ≠ 0 [22, p. 1853]. Likewise, due to the supposition
∆1 ≠ 0 and ∆4 ≠ 0, 4FRLRSTFBC−I is full-rank. Subsequently,
FRLR STFBCs attain a diversity advantage of Γ NtNr . Supposing
that Γ = L, we conclude that FRLR STFBCs achieve the full-
diversity over QS channels. It is also rewarding to mention that
det
4FRLRSTFBC−I is the coding advantage of FRLR STFBCs re-
garding the definition of the coding advantage. As the last step
in designing FRLR STFBCs, we set ξSD to maximize their coding
advantage.
5. Simulation results
This section contains simulation results. In the simulations,
we have considered QS channels and a MIMO–OFDM system
equipped by two transmit antennas (Nt = 2) and one receive
antenna (Nr = 1). Furthermore, we assume the total band-
width of BW = 1 MHz, Nc = 128, and the length of CP equals
20 µs. We compare the performance of different STFBCs and
SFBCs by sketching average bit-error-rate (BER) versus aver-
age signal-to-noise-ratio (SNR). Similar to [25], two 2-ray equal
power Rayleigh channel models are chosen with delay spreads
of 5 µs and 20 µs.
It could be understood from the structure of the BCDD codes
that the complexity of the ML receiver is in the order ofO(M4L)
for the full-diversity BCDD codes, which are designed for two
transmit antennas and two time slots. Besides, the receiver
complexity of the proposed SFBCs in [38] is in the order of
O(M2L) for two transmit antennas.Figure 5: BER versus SNR for the 2-ray equal power channel model with delay
spread of 20 µs; Γ = L = 2.
Let us now compare the simulation results of the new pro-
posed STFBCs with the BCDD STFBCs [37] and the SFBCs pro-
posed in [38]. In Figures 4 and 5, FRLR STFBCs-I with BPSK
constellation are deployed to obtain a spectral efficiency of 1
bit/s/Hz. For channels with delay spreads 5 and 20 µs, values
of ξSD that maximize the coding advantage are found to be 13
and 3, respectively. As can be noted from Figure 4, quite clearly
FRLR STFBC-I outperforms the BCDD codes and the SFBCs pro-
posed in [38]. For example, FRLR STFBC-I achieves about 1 dB
gains over both the BCDD STFBC and the SFBC proposed in [38]
for a 5µs delay at BER = 10−4. Another important advantage of
FRLR STFBCs-I is that in this case, one benefits from linear com-
plexity for the optimum receiver which in more precise terms
means the complexity order of FRLR STFBC-I is O(M), whereas
for the the BCDD STFBC and the SFBC proposed in [38] the com-
plexity is in the order of theO(M8) andO(M4), respectively.
Figure 5 also demonstrates superior performance of FRLR
STFBC-I over the channel with a delay spread of 20 µs in
comparisonwith the two recently proposed codes, i.e. the BCDD
STFBC and the SFBC proposed in [38]. This figure, for example,
depicts that at a BER equal to 10−4, FRLR STFBC-I’s performances
surpass those of the BCDD STFBC and the SFBC proposed in [38]
by about 2 dB and 1.9 dB respectively. It should be noted also
that in addition to a superior performance a linear decoding
complexity is also achieved at the transmitter.
In order to disclose differences between our proposed
coding method and those of [37,38] more noticeably, suppose
that information bits as much as one gigabyte are transmitted
by using the MIMO–OFDM system described in Figure 2. Note
that our coding scheme as well as those of [37,38] utilize a
BPSK constellation to reach the spectral efficiency of 1 bit/s/Hz.
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STFBC or SFBC Number of complex multiplications
(in terms of Giga)
FRLR STFBC-I (proposed) 137.6
SFBC in [38] 412.8
BCDD STFBC 6604.8
Thus 8.6 × 109 symbols are needed to be decoded in each
coding case. For theMLdecoder of the FRLR STFBC-I, 16 complex
multiplications are needed to decode each symbol considering
(15) to (20) of [9] and (12). Also for the ML decoders of
SFBCs proposed in [38] and the BCDD STFBCs, 3 × 24 and
3 × 28 complex multiplications respectively are needed to
decode each symbol considering (7) of [37]. Table 3 shows
a number of complex multiplications in terms of Giga that
every code needs to decode one gigabyte data. As this table
demonstrates, our proposed FRLR STFBC-I needs much fewer
complex multiplications to decode the received data than the
SFBC in [38] and the BCDD STFBC. In more precise terms, FRLR
STFBC-I decodes the received symbols by applying 275.2× 109
and 6467.2 × 109 complex multiplications less than the SFBC
in [38] and the BCDD STFBC, respectively. Note that a better
performance is also achieved in the case where a MIMO–OFDM
system uses the proposed FRLR STFBC-I, as simulation results
show in Figures 4 and 5.
6. Conclusion
It is well studied that MIMO–OFDM systems have a
great potential to be used in future generations of wireless
communication systems. Several coding schemes have been
proposed for implementing MIMO–OFDM systems which
generally suffer from complex decoders. In this paper, in
order to decrease receiver complexity, we proposed a type
of code for MIMO–OFDM systems which is equipped with
two transmit antennas. We have shown throughout the paper
that our coding method benefits from a comparatively proper
performance and also linear complexity for the optimum ML
receiver over quasi-static channels. In future research, we will
consider designing coding schemes with a simple decoder
for MIMO–OFDM systems that have more than two transmit
antennas.
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